We report the development of a novel fiber-optic Raman probe using a graded index fluorocarbon optical fiber. The fluorocarbon fiber has a simple Raman spectrum, a low fluorescence background, and generates a Raman signal that in turbid media serves as an intense reference Raman signal that corrects for albedo. The intensity of the reference signal can easily be varied as needed by scaling the length of the excitation fiber. Additionally, the fluorocarbon probe eliminates the broad silica Raman bands generated in conventional silica-core fiber without the need for filters.
Fiber probe Raman spectroscopy is widely used. [1] [2] [3] Several designs and configurations of optical fibers have been adopted for different applications. [4] [5] [6] [7] Deep subsurface Raman spectroscopy became practical with the advent of spatially offset Raman spectroscopy [8] [9] [10] [11] [12] and transmission Raman spectroscopy. 13 These techniques have enabled depth-resolved probing and molecular characterization of various turbid media ranging from plastic containers to pharmaceuticals and even to human and animal tissues. [14] [15] [16] However, while the laser power exiting the distal end of an excitation fiber is easily measured, neither the albedo of a turbid material nor the scattering coefficients and geometry are known or easily measured in the field. Therefore, the power delivered to and propagating through the material is also uncertain. [17] [18] [19] [20] For example non-invasive Raman spectroscopy of human subjects or live animals requires the penetration of the interrogating laser through one or more layers of tissues that vary significantly in their diffuse reflectivity. [21] [22] [23] This variation in optical properties and albedo makes quantitative spectroscopy in turbid media difficult. 23 Thus, spectra normalization to a specific tissue component to extract quantitative information is accompanied by much uncertainty. The situation is different in spectroscopy of excised tissue specimens, where normalization to a tissue component band is feasible since light scattering in these specimens is surface weighted and can be neglected. For subsurface Raman spectroscopy of turbid media, a suitable Raman band that can be used as internal reference for spectral normalization is required.
A simple approach is to use an externally generated signal proportional to the laser intensity exiting the excitation fiber or fibers. 24 We previously reported the use of a fluorinated ethylene-propylene copolymer (FEP) cap on the excitation fiber to generate a reference Raman signal (C-F stretch, 732 cm À1 ) that scales with the intensity of the laser light propagating through a turbid material. 25 The FEP cap can only be 2-3 mm long because FEP is flexible and long caps are subject to bending. Additionally, the FEP cap transmits fibergenerated silica Raman bands, which are broad and often difficult to remove from spectra.
A simpler approach is to generate a reference Raman signal using fluorocarbon-core excitation fiber(s). We report here on the use of a graded index fluorocarbon fiber probe with a polyperfluoro-butenylvinylether (Cytop) core. The Cytop Raman spectrum is similar to that of other fluorocarbons, although the C-F stretch appears at 692 cm À1 .
For these experiments the previously reported instrument was used. 25 Briefly, it consists of a Raman spectrograph (Rxn1, Kaiser Optical Systems Inc., Ann Arbor, MI) and an external 830 nm laser (IO830MM0600MF-NL: #3142, Innovative Photonic Solutions, NJ). The overall fiber optic probe design is the same as previously reported. The custom-fabricated (FiberTech Optica, Kitchener, ON, Canada) fluorocarbon input fiber is shown in Fig. 1 , along with its Raman spectrum and that of a conventional silica fiber. Laser propagation through the fiber generated the CF stretch at 692 cm À1 and weaker bands at 1474, 1532, 1632, and 1667 cm À1 (see Fig. 1B ). The band intensities are proportional to the laser intensity propagating through the specimen (data not shown). Photon diffusion through the specimen can be defined by multiple collection fibers placed around the specimen. The intensity of the reference signal can be varied by varying the length of the excitation fiber. Normalization of collected Raman spectra to the Cytop reference signal provides quantitative information from subsurface Raman spectra of turbid media, as previously demonstrated using an FEP-capped excitation fiber. 25 The fluorocarbon excitation fiber also eliminates silica background and minimizes total silica contribution to collected Raman spectra. 4 We demonstrate the generation of reference signals using a 5-meter excitation fiber and both a Delrin block and a phantom that models light propagation through and bone Raman spectroscopy of a rat tibia. 25 The 1.23-mm-diameter stainless steel ferrule at the distal end of the fiber is held in place with a custom-designed probe holder 26, 27 and contacts the material under test.
The Raman spectrum of the phantom is shown in Fig. 2A . The polymer reference band at 692 cm À1 is more intense than the hydroxyapatite (HAP) 960 cm À1 band. A residual silica Raman signal, generated in the collection fibers, remains but is attenuated because there is no contribution from the excitation fiber. One major advantage of this new probe design is the simplicity of tuning the reference signal intensity as required by changing the length of the excitation fiber. Also, Raman measurement was carried out using our previously reported silica fiber probe for excitation. 27 The result from this measurement is shown in Fig. 2B . A careful inspection of the Raman data presented in Fig. 2 showed a decrease in silica background contribution to the spectra when the fluorocarbon fiber optic probe was used for excitation ( Fig. 2A) compared to when the silica fiber probe was used for excitation ( Fig. 2B) . The broad silica background centered at ;800 cm À1 is more intense in the spectra acquired with the silica excitation fiber (Fig. 2B) . The residual silica background seen in Fig. 2A is from the collection fibers, which are conventional multimode silica core fibers. 4 A cylinder of Delrin was used as a simpler model ( Fig. 3 ). As before, an intense 692 cm À1 C-F band is generated in the excitation fiber (Fig. 3A) , and the silica band is greatly attenuated compared to the broad silica band at ;800 cm À1 in the Raman spectrum generated with a silica excitation fiber ( Fig. 3B ).
Of course, the fluorocarbon fibers can be used in many related fiber-optic probe configurations. For example, we have placed 1 to 2 meter lengths of commercially available fluorocarbon fibers with standard connectors between the exciting laser and silica collection fibers. The insertion loss is only about 10%. A suitable reference signal is generated, but silica background is larger than found with fluorocarbon excitation fibers alone.
